Abstract. The biogeochemical patterns of bioactive metals (Cd, Co, Cu, Ni, V and Zn) and Pb were studied in the Corcubión Sound, an area close to Cape Finisterre (NW Iberian Peninsula). Seasonal patterns of dissolved and particulate trace metals in the freshwater and seawater, as well as in the phytoplankton were determined during three upwelling events in the winter, late spring and summer of 2005. Metals were also analysed in the surface and to 1 m-depth in the sediments. Upwelling patterns permit the discrimination between those of the outer Sound and Corcubión Inlet. Dissolved trace metals concentrations in the seawater of the outer Sound were in the range of those reported for the Northeast Atlantic Ocean. Mean values of dissolved metals concentrations in the upwelled ENACW were: 0.07±0.03 nMCd, 0.11±0.02 nMCo, 2.6±1.6 nMCu, 4.6±0.6 nMNi, 0.20±0.10 nMPb, 31±2 nMV and 3.8±2.3 nMZn. Higher values for dissolved Co, Cu and Zn were measured in two inflowing streams and in the Inlet. A severe-moderate contamination of these metals and Pb was detected in the sediments of the Inlet. Three different sediment layers were observed in cores located at the outer-Inlet boundary. The most recent showed the highest mass accumulation rates, mainly of Cu (e.g. 428 mgCu m -2 yr -1 ), Pb and Zn, during the last decade. The intermediate unit corresponds to the 20 th century (e.g. 39 mgCu m -2 yr -1 ) and the deeper layer from the 19 th to 14 th centuries can be regarded as representing the pre-industrial period, and show the lowest rates of metal accumulation (e.g. 7 mgCu m -2 yr -1 ). Diatoms were the main autochthonous source of metals in the sediments. The genus Chaetoceros, Lauderia dominates in the overlaying seawater during winter and Pseudonitzschia and Leptocylindrus were typical of summer blooms whilst in the sediments Chaetoceros, Paralia, Leptocylindrus and Thalassionema were the main diatoms genera. The comparison of the normalized metal vs. Si in the phytoplankton and vs Si in the biogenic opal of the sediment shows a prevailing lithogenic-anthropogenic origin of metals such as Cu, Fe, Ni, Pb and V while the upwelling was the main source for Cd in the sediments because of settling of diatoms. The continental influence and metal contamination is restricted to the innermost part of Sound during the last century where the anthropogenic activities supply Cd, Cu, Pb and Zn. Seasonally, dissolved trace metals concentrations in the outer Sound are within the normal range measured in the north-eastern Atlantic Ocean. The Sound system is pristine compared with the neighbouring and anthropogenically disturbed Rias, and may be a good reference of natural trace metal levels along the north-eastern Atlantic coast.
INTRODUCTION
Coastal zones are areas of intense biogeochemical activity and their dynamic processes result in very productive ecosystems of great importance as much for nature conservation and study (Summerhayes et al., 1995) as for human management (Kay and Alder, 2005) . The fluxes and processes occurring in the transition between land and ocean have been intensively researched in connection with the carbon, nitrogen and phosphorus cycles. International programs such as LOICZ have developed important studies of the natural and anthropogenically disturbed processes of nutrients at the coastal boundary, and particularly in estuaries (Smith et al., 2005) . Despite this rapidly increasing knowledge of coastal ecosystems (Bianchi, 2007) , the GEOTRACES Planning Group (2006) has stressed the need for the understanding of the biogeochemical cycling of trace elements. These serve as essential micronutrients or play an essential role in cell physiology and biochemical reactions besides the cycles of many trace elements Hassler et al., 2004) , which have been significantly affected by human activity (Laslett, 1995; Prego and CobeloGarcía, 2003 and the references cited therein).
Coastal ria regions, such as Galician in South-western Europe, are suitable marine areas to improve the knowledge of trace metal cycles. In the Galician region, the sources and sinks of material exchange between the land and the ocean do not only occur through the continental runoff interface as defined by Bruland and Lohan (2003) but also during upwelling events (Fraga, 1981) . Trace metals bound on terrestrial material and resuspended river bed sediments which are transported to the coastal area by fluvial run-off are deposited in the surface sediment together with trace metals which originate from sinking phytoplankton (Varela et al., 2004) .
Studies on the factors controlling the distribution of trace elements in the Iberian continental shelf, and in particular the Galician coast, are still limited . This review of the metal research in rias and their interfaces before 2001 clearly show that studies dedicated to metals in the water column are lacking and need more attention. During the last decade the research conducted in the transition zones of rias were focussed on riverine trace metal inputs (Cobelo-García and Prego, 2004; Filgueiras and Prego, 2007; Santos-Echeandía et al., 2008) , pelagic/benthic exchanges of metals (Santos-Echeandía et al., 2009a) , and fluxes through the ria-ocean boundary (Cobelo-García et al., 2005a; Prego et al., 2006) . Current information from the rias indicates that the trace metal cycles are influenced by human activities .
In the coastal zones bioactive metals play crucial roles as essential micronutrients of phytoplankton. Cadmium and Zn are fundamental in silica uptake by large diatoms, Cd, Co, Zn in CO 2 acquisition or Cu, Ni in organic nitrogen utilization (Morel and Price, 2003; . Lead is not an essential micronutrient and its importance is because of its toxicity. The decrease of vanadium in coastal relative to oceanic waters has been assumed to be due to trapping by biotic material (Prange and Kremling, 1985; Yeats, 1992) ; Auger et al. (1999) have also connected it with the increase in particulate V by the presence of a phase rich in iron oxyhydroxide and manganese oxides (Wehrli and Stumm, 1989) .
The relevance of these bioactive metals and lead is suitable to acquire an overall view of their patterns in the Corcubión Sound. Thus, due to the low industrial activity and population of surrounding the Sound, together with uncontaminated conditions as regards metals observed in the Galician shelf sediments off the Western Rias (Santos-Echeandía et al., 2009b) , it is hypothesized that the trace metal trend in the Corcubión Sound may represent pristine conditions. Consequently, the seasonal distribution of dissolved and particulate trace metals was studied in freshwater (dry and wet season) and seawater (three upwelling events), phytoplankton and sediments in the Sound environment, with the objectives of: (i) to obtain a dataset of trace was performed (ref. Poz-24227) at the AMS facility of the Poznan Radiocarbon Laboratory (Poland).
4. RESULTS 4.1. Natural metal distribution and contamination levels in sediments 4.1.1. General sediment properties
Core and surface sediment samples in the Sound were mainly muddy though partially mixed with fine sands in the outer part with occasional shells or small pebbles that were sieved. The <2 mm size fraction was always a major fraction of the sediment comprising 95±5% of the total. Approximately 50% of the initial wet sediment was water, i.e. an average of 54±5% in the core and 45±10% in the surface sediment. Lithogenic constituents, traced by aluminium, ranged between 21 and 56 gAl kg -1 in the core and 15-90 gAl kg -1 in the surface sediment. The total silicon of these surface sediments (Fig.2) . Opal versus lithogenic matter shows an average silicon ratio of 1:127 in the surface sediments of the main channel of the Sound (Fig.1) .
Sediment core dating
210 Pb dating method was applied for the uppermost part of the core (Fig.3 ). The sedimentation rates were established according to the constant flux:constant sedimentation model, giving a result of 0.88 cm yr -1 for the upper seven centimetres and 0.20 cm yr -1 in the underlying twenty centimetres . A marine bivalve shell located in the 66 cm-depth core level was 14 C dated and gave an uncorrected radiocarbon age of 1035±30 years. It was corrected for 13 C and for the marine reservoir age ( R= 376±46) with the Calib 5.0.1 software Reimer, 1993 modified version 2002: http://calib.qub.ac.uk/calib/) using the Marine04 calibration dataset for radiocarbon ages younger than 26,000 14 C years (Hughen et al., 2004) . In upwelling-influenced areas, such as off Galicia, reservoir ages may be higher than the global reservoir correction value. However, as pointed out by Abrantes et al. (2005b) , the local reservoir-effect correction is negligible and was not applied. Thus, the obtained calibrated age was reported as cal. yr BP (calibrated years Before Present), giving a result of 601±59 cal. yr BP at the 66 cm-depth core level. This gave an average sedimentation rate of 0.08 cm yr -1 for the lowermost part of the core. The metal accumulation rates (MAR in mg m -2 yr -1 ) for each element were calculated using the following equation:
MAR= 10 [Me] S r DBD (1) where [Me] is the metal content of each studied element in mg kg -1 , S r the obtained sedimentation rates for each core levels in cm yr -1 and DBD a dry bulk density of the sediment of 2 g cm -3
.
Historical trend of metals in the sediment core
Metals can be divided into two groups according to their behaviour (Fig.4 ). The first group shows the highest contents in the uppermost sediment layers and a decrease down-core reaching almost constant levels at sediment depths >20 cm. The elements showing this trend were Cd with 0.2-0.3 mg kg -1 from 20 to 80 cm-depth increasing its content up to 0.6 mg kg -1 at 5 cm-depth; Cu with 5-9 mg kg -1 and 27 mg kg -1 in the top core; Pb with 9-14 mg kg -1 increasing up to 53 mg kg -1
and Zn with 50-70 mg kg -1 and 213 mg kg -1 in 5 cm-depth. All of these show the same pattern of distribution when they were normalized to Al (Fig.4) .
In the second group, the metals increased their contents slightly and gradually from the core bottom to the topmost sediment (St.3). Cobalt increased from 2 to 6 mg kg -1 ; Fe from 9 to 28 g kg -1 ; Ni from 13 to 26 mg kg -1 and V from 26 to 77 mg kg -1 . However, when these were normalized with respect to Al the Metal/Al ratio did not show an increase but had fluctuating profiles over a short range (Fig.4) . Normalization with Al for Co, Ni and V showed an increase in their ratios at depths of 50-55 cm as was found also for Cd/Al. The metal sedimentation rates are shown in the Table 2 . Three different rates were observed corresponding to recent (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , industrial (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) and pre-industrial (before 1893) periods. The sedimentation rates in the pre-industrial period, which were 0.4 mgCd m -2 yr -1 , 3 mgCo m -2 yr -1 , 7-17 mg m -2 yr -1 to Cu, Ni and Pb, 50 mVg m -2 yr -1 and 15 and 0.65 g m -2 yr -1 to Fe and Zn, respectively, increased at the end of XIX century. Thus, these metals showed contents in the industrial age which were 4-5 fold higher than previously. These increases became 25-30 those measured for the XV-XIX centuries as regards to Cd, Co, Fe and Ni; it was especially evident as regards to Cu (55 fold) and Pb (80 fold) whilst Zn showed only a 4 fold increase.
Metal background
The state of the degree of contamination in a coastal environment requires the selection of a reference metal in the sediments (Luoma et al., 1990) . Aluminium is a suitable normaliser because it is a major constituent of the fine fraction and contamination does not change the content of this element (Loring, 1991; Hanson et al., 1993) . Aluminium has already been used for this propose in temperate granitic zones (Salomons et al., 1985; Windom et al., 1989; Prego and Cobelo-García, 2003) Therefore, with the aim of determining the background levels of metal (Me) contents in the core of Sound these were plotted versus Al, in order to obtain a regression line:
[Me] B = a [Al] + b (2) where units are in mg kg -1 except for Fe and Al, in g kg -1 . The data of the metal contents from the topmost sediment (from 5 to 20 cm-depth, inclusive) were ignored in order to calculate the regression lines with only pre-industrial contents (see Fig.4 (r= 0.77) (10) In this way the theoretical natural values can be established and make it possible to know the levels where metal enrichment is due to contamination. Metal content increases with aluminium content, equations (3) to (9), except for cadmium, equation (2), which exhibits a nonAl dependent behaviour.
The normalized enrichment factor (NEF) is defined as the number of times that the natural or reference content is exceeded (Tanner et al., 2000) and is calculated by the following formula:
where n is the sampling station and BL the background value obtained from Al-metal equations (2) to (9). Then, based on Hakanson (1980) , the sediment contamination from NEF results can be classified as follows: negligible < 1 < possible < 2 < moderate < 3 < severe < 6 < very severe 4.1.5. Metal contamination of the sediment Metal contents in the surface sediment of the Sound decreased from the innermost stations of Corcubión Inlet as far as Station 12 (outer zone), followed by a small increase seaward in Stations 13 and 14 (Fig.2) . The highest contents occur at Station 2, being particularly high for Zn, Pb, Ni and V. Total silicate content rises to 235 and 149 g kg -1 in the two innermost stations and in the 169 and 184 g kg -1 in the outermost stations. Nevertheless, the highest Si content was measured at Station 15 (403 g kg -1 ), which was located inside the harbour of the metallic carbides factory, however the metal contents were similar to those of the sediments of the outer Sound.
From the background contents of metals in sediments, calculated from eq. (3) to (10), and the enrichment factor estimated from eq. (11), the contamination state can be defined in the Sound sediments. Following the aforementioned criteria, metal contamination is detected mainly in the Corcubión Inlet. There, a severe recent contamination occurs at Station 2 of Cd, Cu and Zn, while contamination is moderate for these metals in the remainder of this area. Throughout the Sound Pb is the most marked contaminant metal; it is specially severe in the Inlet whilst decreasing to moderate contamination in all the Sound, except that of Stations 10-13.
A moderate contamination of the sediments by the metals Cu, Pb and Zn, also occurred historically during the industrial period as the Metal/Al relationship suggests (Fig.4 ) and the NEF of 2-3 confirmed to the upper core part.
Trace metals concentrations in the seawater column and continental contributions 4.2.1. Oceanographic conditions
During the days previous to the three seasonal cruises in the Corcubión Sound the Cape Finisterre coast was under predominance of northerly winds. These winds moved the surface seawater layer offshore and in each case an upwelling event developed. The magnitude of offshore surface transport is suggested by the positive upwelling index (UI; Fig.5 ) that is equivalent to the Ekman transport derived from surface winds, and the number of days the wind blows. During the sampling on the 6 February upwelling was enhanced, lasting eight days and showed an UI of 640±360 m 3 s -1 km -1 . During the cruise in July upwelling was less pronounced with an UI of 390±310 m 3 s -1 km -1
. The weakest upwelling was recorded for the 16 May lasting just three days with a UI of 790±310 m 3 s -1 km -1 . These northerly winds and their resulting westward currents, i.e. seaward along the western Galician coast, were expressed and were recorded inside the Corcubión Sound as a nonhomogeneous distribution of water density (see the 10 m depth isopycnal map; Fig.5 ). In February, the temperature of the water column in the Sound ranged between 11.4 and 12.2° C and a thermal inversion was observed. The salinity was higher than 35.0 below 3 m depth and in the upper water column there was a shallow layer which had a low salinity due to fluvial outputs. Salinity increased from the mouths of Xallas River (St.1 top, S»21) and Cee stream (St.11, S»29) to the mouth of the Sound. Due to the low temperature gradient both, density ( t ; Fig.5 ) and salinity isolines had a similar trend. In May, the temperature varied from 12.4 to 16.3° C and the salinity showed analogous vertical pattern to that found in February. However, the distribution of the isotherms was comparable to that of the isopycnals (Fig.5) . A similar situation was found also in July. During July sampling the lowest temperature in the water column was 12.4° C with a surface west-east gradient of 16.3-14.1° C generated by the upwelled seawater. Salinities between 35.57 and 35.76 were recorded in July, except for a less salty surface layer of only 2 m.
The three events displayed the same  t pattern, with the maximum adjacent to the east shore of the Sound. These maxima varied following the aforementioned upwelling intensity, with values of 27.1, 26.5 and 27.0 kg m -3 , respectively. The upwelling in the Sound (Fig.5 ) clearly differentiates two main zones: (i) the east and outer zone mainly under the domain of upwelled seawater; (ii) and the partially isolated inner (Corcubión Inlet) and western (Finisterre Bay) zones.
According to the temperature-salinity diagram (Fig.6 ), the upwelled seawater inside the Corcubión Sound can be associated to the Eastern North Atlantic Central Water (ENACW). The water column reflects a greater influence in the outer than the inner Sound zone. In a FebruaryJuly-May sequence: seawater with the T-S characteristics of ENACW from the 1, 6 and 40 m depth to the bottom occurs in the outer zone and in the inner Sound from 19 m (February) and 15 m (July) to the bottom, and is not present in May.
High concentrations of chlorophyll (a+b+c) 
Dissolved trace metals in the waters of the Sound
The trace metal concentrations in the water column of the Corcubión Sound were considered during each sampling with respect to the two main zones hydrographically observed in the Sound. Then, dissolved and particulate metals concentrations from each cruise were averaged for the inner part (Corcubión Inlet) from the levels measured at two stations (St.A and B; Fig.1 ) and for the outer zone were calculated (four sets of data) from St.C. Data on trace metal concentrations in the dissolved and particulate phases are shown as average ± standard deviation (Tables 3 and 4) .
Xallas River, the Cee stream and the STP of Cee supply freshwater to the Corcubión Sound. Dissolved metal concentrations of Xallas River and Corcubion Sound are of the same order of magnitude, i.e. 0.02-0.15 nM of Cd, 0.1-0.3 nM of Co, 1-14 nM of Cu, 3-6 nM of Ni, 0.5-0.1 nM of Pb and 1-13 nM of Zn (Table 3 ). The exception is V that has ten-fold higher concentrations in the Sound (24-39 nM) than in the Xallas River. Trace metal levels in the Cee stream were similar to the Xallas River, except for Cu and Pb which showed 4 to 5-fold higher values. On the contrary, sewage water from the Cee STP was rich in dissolved Co, Cu, Pb and Zn. The other metals showed similar concentrations (Table 3) .
The comparison of inner and outer Sound reveal that the seawater concentrations of dissolved Co, Cu and Zn were higher in the Corcubión Inlet while V was lower. Cadmium, Ni, and Pb did not differ significantly between both zones. Seasonally (Table 3) , the concentrations of dissolved trace metals increased in the Inlet from winter (February) to summer (July) in the case of Co, Pb and Zn. In the Inlet the opposite, i.e. summer decreasing concentrations, occurred for Cd and Cu. On the other hand, trace metals in the outer Sound showed the highest concentrations in spring (May) mainly: Cd, Co, Pb, V and Zn while Cu was highest in winter and Ni in summer. However, the range throughout all the Sound was always lower than the 50% of average concentration, except for Cu and Zn that was twice that value.
Particulate trace metals in the water column of the Sound
The rivers flowing into the Sound exhibit low suspended particulate matter (SPM) concentrations (Table 4) . Fluvial contributions of the Xallas and the Cee ranged from 2 to 24 mg L -1 while the sewage of Cee STP was slightly higher (7-52 mg L -1 ). Comparatively, the water column of the Sound was poor in SPM (<2 mg L -1 ) being concentrated in the surface seawater (0-5 m depth layer), where the chlorophyll maximum was found. The highest metal content in the SPM occurred in the Corcubión Inlet in February, where the average contents of metals (0-10 m depth) were 23±7 mgCu kg -1 , 7±2 gFe kg -1 , 12±7 mgNi kg -1 , 29±15 mgV kg -1 and 324±67 mgZn kg -1 ; Cd was always less than 0.3 mg kg -1
. SPM decreased 4-6 fold lower in the outer Sound, except for Fe and V, whose values dropped only down to 50% those of the inner part. On the other hand the particulate metals increased in the mouth of freshwater streams, where the content of Cu in SPM was 9-fold higher than SPM in the Inlet, Fe and Pb were 3-fold higher, Ni 2-fold higher and V and Zn had similar contents. Table 4 shows the particulate metal concentrations in nM (SPM [mg L -1 ] x metal [mg kg -1 ]). Generally, particulate metal concentrations were higher in the inner than in the outer Sound in all sampling cruises, except for Pb and V. Cadmium and Cu especially emphasize the significance of particulate metals in the stream waters (Cd: 2-11 nM, Cu: max 425 nM) when compared to the Sound waters (Cd <0.01 nM, Cu <0.5 nM).
In the water column of the Sound the relationship between the dissolved and the particulate metals (D/P), calculated as a dimensionless quotient between dissolved (nM) and particulate (nM) concentrations, were always higher than 1, i.e. dissolved metal concentrations were higher than the particulate. D/P ranged from 7 to 327 to Cu, 32-114 to Ni, 3-11 to Pb, 73-195 to V and 1-28 to Zn. There are no data available for D/P relationships of Fe and Cd as dissolved Fe was not measured and particulate Cd was below detection limit. Lowest ratios with a range of 1-6 for the investigated metals were observed in the inner Sound in February 2005, which may be caused by an increased river run-off in the winter months.
Metal contents in marine phytoplankton
Phytoplankton was collected from the water surface to the bottom in the Sound. Thus, the data presented here are related to the entire water column. Furthermore, trace metal contents which are presented in the following, are solely referred to the phytoplankton fraction >20 µm as sampling took place with a 40 mesh net. In any case this fraction is very abundant and was dominant in terms of biomass in the three cruises, mainly in February. These results (Table 5) can be considered as being representatives of the amount of trace metals bound on phytoplankton during upwelling periods.
The microphytoplankton of the Sound is dominated by a few genus of diatoms (>83% of abundance) in the water column associated to the three upwelling events, Chaetoceros (C. socialis mainly) and Lauderia (L. borealis mainly) as the predominant in February, Pseudonitzschia (P. cf pungens mainly) in May and Leptocylindrus (L. danicus mainly) and Pseudonitzschia (P. cf delicatissima and P. cf pungens half-and-half mainly) in July (Table 5 ). Cell counts were higher in the Corcubion Inlet than in the outer Sound.
Chaetoceros, Paralia, Leptocylindrus and Thalassionema were the main taxa found in the surface sediment (Table 5) . Chaetoceros and Leptocylindrus danicus were present as resting spores. In addition, benthic marine and freshwater diatoms were also observed in the inner Sound sediments. The average values of the ratio between metals and silicon (mass/mass) in the phytoplankton of the Sound are shown in Table 6 . They varied from 0.28 (Fe/Si) to 74 10 -6 (Cd/Si).
The trace metal contents of the phytoplankton are shown in Table 6 . Metal contents showed the following range: 0.2-3.8 mgCd kg -1 , 7-42 mgCu kg -1 , 1.9-9.4 mgFe kg -1 , 5-14 mgNi kg -1 , 14-26 mgPb kg -1 , 4-71 mgSi kg -1 , 0.3-23-6 mgV kg -1 and 0.7-0.9 mgZn kg -1 . There was not a spatial trend but a seasonal one, i.e. the highest contents of metals in the phytoplankton were measured in July. In contrast, Si followed chlorophyll concentrations and showed the lowest values in summer. Zinc showed a low seasonal variation in its content. As the variation in metal concentration of phytoplankton was not spatial, results were averaged for the whole Sound by calculating the metal/Si relationship (Table 6 ).
DISCUSSION
In order to provide a comprehensive understanding of the behaviour and fate of trace metals in Corcubión Sound the allochthonous contributions, i.e. terrestrial and oceanic, of dissolved and particulate metals are evaluated together with the autochthonous sources, mainly phytoplankton, as well as the temporal rate of accumulation of particulate metal in the sediment.
Allochthonous sources of metals in the Sound: anthropogenic and terrestrial influences
The variations in the dissolved metal levels at Corcubión Inlet may be influenced by the contributions of trace metals due to Cee stream and STP. Freshwater shows concentrations of Co, Cu, and Zn which are 1-2 orders of magnitude higher than the seawater of the inner Sound. The concentrations of these metals exceed the natural values recorded for pristine rivers (Hart and Hines, 1995) . The dissolved metal increase can be related to urban sewage spills (Goldstone et al., 1990a; 1990b) , in this case directly from the Corcubión-Cee wastewater plant and indirectly through the Cee stream. On the contrary, Cd, Ni, and Pb concentrations were in the same order of magnitude in both, fluvial and marine waters (Table 3) . Vanadium is lower in the Inlet due to the influence of riverine input which is depleted in V compared to offshore seawater (3-18 nM, Table  3 ). This is a common situation in coastal systems (Shiller and Boyle, 1987) such as rias (Prego et al., 2008a) .
Particulate Cu, Fe and Ni (Table 4 ) are higher in the Inlet when compared with the outer Sound. Contents of these metals in SPM of continental origin waters normally exceed those in seawater, especially Cu and Fe. In this way changes in salinity, pH and organic ligands play an important role in the adsorption-desorption processes of metals, which vary their dissolvedparticulate concentrations of Cu and Fe in the estuary (Kogut and Voelker, 2001; Hatje et al., 2003; Powell and Wilson-Finelli, 2003) . In the particular case of the Corcubión Inlet, freshwater inputs of Cu (Tables 3 and 4) may be dominated by supply from the sewage treatment plants ( Santos-Echeandía et al., 2008a) . Due to flocculation processes associated with iron oxyhydroxides Cu and Ni may be enriched in SPM (Eisma, 1986) , and deposited into the sediment of the Inlet (Fig.2) as described by Prego et al. (2008b) .
These increases of the trace metals concentrations in the Inlet are consistent with the anthropogenic influences. In comparison, other coastal sources of trace metals, such as sediment resuspension (Santos-Echeandía et al., 2012) or diffusion processes at sediment-water interfaces (Santos-Echeandía et al., 2009a), can be unimportant.
There are three main sources for the metals which have accumulated in the sediment of the Sound. Two of these are allochthonous, e.g. the continental lithological and anthropogenic contamination, and the other is of autochthonous origin, which is associated with internal cycling of the phytoplankton in the water column. Atmospheric deposition from land is probably of minor importance as the wind mostly blows from the Atlantic Ocean in the northwest area of the Iberian Peninsula (Naranjo and Pérez-Muñunzuri, 2006) .
Metal contamination of the surface sediment only occurs with some metals in the inner Sound. The zone most contaminated is the sediment of Corcubión Inlet, near to the harbour of the factory of metallic carbides (St.2 in Fig.2) , with levels of Cu, Cd and Zn being triple fold the natural background values. The contamination of Cu and Zn in the sedimentary reservoir is typical for shipyard and harbour traffic areas (Mason et al., 2004; Prego et al., 2008c and the references cited therein). Copper comes from ship paints used to prevent the incrustation of seaweeds and Zn is the component of most protective products against metal corrosion. In Corcubión Inlet a significant source of these metals is the SPM in freshwater run-off (Table 4) as well as diffuse contributions from small shipyard and harbour activities in Cee town.
Lead is remarkable for its wide distribution throughout the Sound sediment as well as by the high levels reached. The contents (Fig.2) rise to 5-fold the background level, calculated from equation (8). However, the outer part of the Sound shows a moderate contamination. It can be hypothesized that these unusually high levels of lead may origin from shipwrecks found in the area around Cape Finisterre and within the Sound. It has been reported that one hundred of merchant and warships have sunk in these waters since 16 th century (Patricio-Cortizo, 2000; 2004) .
The sediment core was taken close to the mouth of Corcubión Inlet (24 m depth), where hydrographical fronts or pycnoclines inside the Sound may occur as result of shoreline and upwelling development (Varela et al., 2010; Sánchez-Carnero et al., 2011) . The frontier zone between the inner and the outer parts of the Sound may be an area of sedimentation of SPM and phytoplankton. The pattern of metal accumulation can be followed throughout the sedimentary record in this area of the Sound. Three layers with distinct sedimentation and metal accumulation rates are differentiated:
(i) The most recent (0.88 cm yr -1 ) shows the highest rate of sedimentations of metals, i.e. 428 and 1190 mg m -2 yr -1 of Cu and Pb, respectively ( Table 2 ). The period of accumulation is coincident with that of the salt marsh burial, Cee stream canalization and changes in the littoral use in the innermost Corcubión Inlet zone.
(ii) A horizon (0.20 cm yr -1 ) deposited during the 20 th century, when the mass accumulation rate of the different metals was lower than in the upper unit, i.e. 39 and 75 mg m -2 yr -1 of Cu and Pb, respectively. This period is coincident with the development of the harbour and factory of metallic carbides in Cee, which was inaugurated in 1903. (iii) The lower unit represents the pre-industrial period from 14 th to 19 th centuries (0.08 cm yr -1 ) and is characterized by the lowest sedimentation rates of metals, i.e. 7 and 16 mg m -2 yr -1 of Cu and Pb, respectively. The temporal ranges observed vertically in the core from the Sound are similar to sedimentation rates calculated in various parts of the Ria of Vigo (Evans et al., 2011) . In the upper part of the core sedimentation rates were in the range of those found for the inner Ria of Vigo, whilst those of the intermediate core unit were similar to those in the middle Ria. Sediment contamination by Cd, Cu, Pb and Zn was detected during the periods of anthropogenic influence, i.e. the 20 th century. Metals in industrialized rias such as Ferrol and Vigo (Alvarez-Iglesias et al., 2007) showed similar core trends with an increase of metal content toward the present years. In the core of Sound contamination doubled the Cd and Cu content in the sediments during the last 20 and 50 years, respectively, while Pb and Zn tripled from 75 and 50 years ago, respectively.
Allochthonous sources of metals in the Sound: oceanic influence
The seasonally measured concentrations of dissolved trace metals concentrations in the outer Corcubión Sound (Table 3) are within the range of concentrations observed in several studies of the north-eastern Atlantic Ocean (Middelburg et al., 1988; Donat and Bruland, 1995; Landing et al., 1995; Saager et al., 1997; Ellwood and van der Berg, 2000; Cotté-Krief et al., 2000) . Nevertheless, the Ni and Pb levels in the Sound are slightly higher than the highest measured values in Open Ocean (3.6 nM and 0.22 nM, respectively). Santos-Echeandía et al. (2009b) described seasonal dynamics of Cd, Co, Cu, Ni, Pb, V and Zn in coastal waters of the northwestern Iberian Peninsula. They showed that the subsurface waters (10-100 m depth) offshore of the Ria of Vigo showed yearly average concentration similar to those of the outer Sound, except for Cd and Pb which had values which were a little lower, 0.048±0.026 nM and 0.13±0.09 nM, respectively (Santos-Echeandía et al., 2009b) .
The pristine pattern of trace metals in the Sound, except for the human impact in the innermost part is also highlighted by comparison with the values which have been determined in other European coastal system which have suffered anthropogenic impact. French (Cu, Pb, Ni, Zn; Chiffoleau et al., 1999; Monbet, 2006) and English (Co, Cu, Pb, Ni, Zn; Laslett, 1995; Martino et al., 2002) estuaries and marine adjacent areas as well as those of the southwestern Spanish coast (Cd, Cu, Zn; van Geen et al., 1991; Elbaz-Poulichet et al., 2001) show higher levels of the investigated metal than the waters of the Sound.
The pristine conditions and the presence of upwelling, mainly in the outer Sound, make it feasible for the first time, to estimate the dissolved metal concentrations in the Galician coastal upwelling. Even though nutrient salts in the Galician upwelling have been profusely investigated (Prego et al., 1999 and references cited therein) since the pioneering work by Fraga (1981) , the dissolved trace metal concentrations and their biogeochemical cycle in the ENACW upwelling was an outstanding issue. The dissolved metal information from the Sound during the upwelling in May was discarded because it was not an intense event. The winter upwelling episode could be also discarded because the upwelled water in that season is not ENACW . However, this was not the case of the upwelling event in February because, according to the TS diagram (Fig.6 ) during this period, the upwelled water is ENACW. Therefore, the dissolved metal concentrations in February can be considered, as in the case of July as characteristics of the EMACW upwelling. Consequently, and considering those two upwelling episodes in the Sound, the mean concentrations of dissolved metals associated to the ENACW were: 0.07±0.03 nM of Cd, 0.11±0.02 nM of Co, 2.6±1.6 nM of Cu, 4.6±0.6 nM of Ni, 0.20±0.10 nM of Pb, 31±2 nM of V and 3.8±2.3 nM of Zn. By comparison in May 2005 (Table 3) , when the upwelling event was not as intense as in February or July 2005, the concentration of Cd, Co, Pb and Zn in the outer Sound were comparable to the ENACW.
This initial estimation of dissolved trace metals in the Galician coastal upwelling can be compared with that obtained by Cotté-Krief et al. (2000) : Cd (0.03-0.08 nM), Cu (0.7-1.8 nM), Ni (1.8-3.9 nM) and Zn (0.9-4.3 nM) from surface samples of upwelled ENACW off the southern coast of Portugal (37.5-38.5°N). The concentrations obtained are within the range (Cd and Zn) or slightly lower (Cu and Ni) than those obtained in the present study. Comparable concentrations of dissolved metals in ENACW waters as those of the Sound are found in other regions as the middle Atlantic and Celtic Sea, e.g. Cd and Pb, but lower for Ni and Cu (Brügmann et al., 1985; Lambert et al., 1991; Saager et al., 1997; Cotté-Krief et al., 2002) . The present study in the Corcubión Sound represents a step forward, but more research of trace metals levels and their biogeochemical processes in the Galician upwelling is necessary.
Autochthonous domain on metals in the Sound
Phytoplankton is the main autochthonous source of metals in the study area. The Sound becomes eutrophic during the upwelling episodes (Varela et al., 2010) which is typical for upwelling regions (Summerhayes et al., 1995) . A phytoplanktonic succession develops throughout the year (Casas et al., 1999) and the dominant diatom species typical of blooms change seasonally (Figueiras and Niell, 1987; Casas et al, 1999; Varela et al. 2010 ). This change was observed in the three seasonal upwelling events in the Sound. Lauderia borealis, typical species of early blooms, was present in the winter bloom, while Leptocylindrus danicus and Pseudonitzschia spp were dominant during summer blooms, as usually occurs in Galician waters (Figueiras and Niell, 1987; Varela et al., 2001 ). Both, the inner and the outer Sound showed similar species compositions during samplings (Table 5) . Phytoplankton take up dissolved trace metals from its environment, either by assimilation or by adsorption to cell surface (Hassler et al., 2004) . While the metal adsorption is interpreted in terms of surface complex formation equilibria (Xue et al., 1988) , the absorption is showed in the phytoplankton stoichiometry of the essential trace elements (Morel, 2008) . Consequently, the dominant diatoms species may be associated to the average metal content of bioactive metals, which are normalized to Si (Table 6 ), the main constituent of the diatoms cell wall. Metal content ratios in diatoms were of 0.2/2/1/2/1 for Cd/Cu/Ni/Pb/V and 16/55/1 for Fe/Si/Zn respectively. averaging the Ho et al. (2003) data presented an extension to the Redfield formula including metals with a ratio of 10 for Fe/Zn and 1/2 for Cd/Cu for cultures of marine phytoplankton. The differences found when these are compared with data from the Sound, mainly the high (one order of magnitude higher) Fe/Zn ratio, may be the result of different species composition, distinct growing conditions (field observation and laboratory cultivations), and the analyses of total cellular metals in the samples from the Sound (washing agents were not used to distinguish adsorbed and absorbed metals following Hassler and Schoemann, 2009) .
When diatoms from a bloom sink to the bottom of the Sound, this autochthonous fraction and its metal content mixes with the allochthonous sediments and its metals. Remineralisation in the water column may return the trace metals to the seawater, however during the Galician upwelling, the remineralisation of particulate matter mainly occurs at 120-150 m depth (Prego and Bao, 1997) , and therefore this process is of minor importance in the Sound.
The Metal/Si ratios of diatoms can be compared with the same ratio in the biogenic opal at the sediment surface (Table 6 ). The results show two different groups. One group shows high Metal/Si ratio, indicating a prevailing allochthonous, lithogenic and anthropogenic, source of metals as Cu, Fe, Ni, Pb and V. The other, with low ratios, shows the relevant influence of diatoms registered by the Cd and Zn metal content of sediments.
Metal contents in coastal sediments have a predominant continental origin, for this reason metals are usually normalized using a lithogenic element, e.g. Al (Loring, 1991) , to define their background values. So, the high metal/Al correlations (r ³0.9) of background equations (4) to (9) show the continental landmasses as the main sources of Co, Cu, Fe, Ni, Pb and V in the preindustrial sediments of the Sound. The exceptions were Cd and Zn, eq. (3) and (10), respectively. The lower correlation (r =0.77) of Zn/Al suggests a partial influence of a pre-industrial source not subordinated to the continental contributions. This source is dominant in the case of Cd because Cd background level is not dependent on Al content: [Cd]=0.26±0.04 mg kg -1 . In the Finisterre upwelling region the uncontaminated sediments of the Ria of Vigo already showed a negative Cd/Al background correlation (Prego et al., 2008b) , which also indicated a non-terrestrial Cd input. Sedimentary Cd content is enhanced because biodetritus are typically enriched in this metal (Collier and Edmond, 1984) as occurs in the Chilean upwelling sediments (Böning et al., 2005) and to a greater extent in the Peruvian perennial upwelling (Böning et al., 2004) . Thus, an autochthonous origin seems to be the main source of Cd in the sediments of Corcubión Sound.
CONCLUSION: trace metals at the land-sea boundary
The coastal boundary zone between the terrestrial and marine domains of the Sound of Corcubión is divided into two differently influenced areas. The outer Sound shows seawater signatures, while the Corcubión Inlet may be influenced by trace metal input from terrestrial and anthropogenic sources. Different trends in three seasonal samplings were observed:
(i) Some dissolved trace metals such as Cd, Ni and Pb show similar concentrations in both, Inlet and outer Sound waters. (ii) Dissolved V is lower in the Inlet waters due to the influence of riverine input which is depleted in V in comparison to offshore seawater. (iii) Cobalt, Cu and Zn concentrations (and Cu content in SPM) are higher in the Inlet water in comparison to the outer Sound due to the terrestrial input to the Inlet. For this reason the interaction between the land and ocean causing metal contributions to the Sound is restricted to the innermost shallow zones where the allochthonous anthropogenic activities supply dissolved Co, Cu and Zn and particulate Cd, Cu, Fe and Zn. Metal contamination of Cd, Cu, Pb and Zn, was observed spatially in the Corcubión Inlet, and also with time increasing during the industrial period, i.e. the last century. In this system phytoplankton is the main autochthonous source of metals to the sediment. However, metal/silicon ratios pointed a prevailing allochthonous, lithogenic and anthropogenic, source of Cu, Fe, Ni, Pb and V to the sedimentary reservoir. In contrast, an autochthonous origin, i.e. settling of diatoms, can be indicated for the Cd contents of the sediments of Corcubión Sound.
The Corcubión Sound is a coastal system where oceanic conditions are prevailing under the influence of upwelling events throughout all the year. Metals cycles in the northeaster Atlantic coastal zone of Finisterre are less disturbed by anthropogenic activity in comparison with other world regions, such as semi-closed seas (e.g. the North Sea) or coasts with significant fluvial contributions (e.g. Humber, Tagus or Loira Rivers). Hence, the Sound system is relatively pristine and may be used as a reference for natural trace-metal processes along the Atlantic coasts. Table 5 . Most abundant diatom genus in the water column and in the dry surface sediment in the innermost (St.A and St.1-3, respectively) and outermost (St.C and St.11-14; Fig.1 
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